Normal aging is often difficult to distinguish from the earliest stages of Alzheimer's disease. Years before clinical memory deficits manifest, amyloid-␤ deposits in the cortex in many older individuals. Neuroimaging studies indicate that a set of densely connected neocortical regions, referred to as the default network, is especially vulnerable to amyloid-␤ deposition. Yet, the impact of amyloid-␤ on age-related changes within the medial temporal lobe (MTL) memory system is less clear. Here we demonstrate that cognitively normal older humans, compared with young adults, show reduced ability to modulate hippocampal activations and entorhinal deactivations during an episodic memory task. Among older adults, amyloid-␤ deposition was associated with failure to modulate activity in entorhinal cortex, but not hippocampus. Furthermore, we show that entorhinal regions demonstrating amyloid-␤-related dysfunction are directly connected to the neocortical regions of the default network. Together these findings link neocortical amyloid-␤ deposition to neuronal dysfunction specifically in entorhinal cortex, while aging is associated with more widespread functional changes across the MTL.
Introduction
Advanced aging is associated with functional decline in the medial temporal lobe (MTL) and episodic memory (Park et al., 2002; Du et al., 2003; Small et al., 2011) . Assessments of normal aging may be confounded by occult Alzheimer's disease (AD) pathology, as the pathology of AD begins decades before clinical memory deficits manifest (Braak and Braak, 1991; Nelson et al., 2012) . Approximately 30% of cognitively normal older adults over age 65 harbor elevated levels of amyloid-␤ deposition, as estimated by positron emission tomography (PET) Aizenstein et al., 2008; Rowe et al., 2010; Resnick and Sojkova, 2011) . Current models suggest that these older adults are at increased risk of developing AD dementia Knopman et al., 2013b; Roe et al., 2013; .
Neuroimaging studies using PET and fMRI indicate that a set of densely connected and metabolically active brain regions-the default network-is especially vulnerable to early amyloid-␤ deposition (Lustig et al., 2003; . Amyloid-␤ deposition is associated with aberrant default-network activity in neocortical regions during memory encoding and at rest Sheline et al., 2010; Mormino et al., 2011) . However, the relationship between neocortical amyloid-␤ deposition and dysfunction of the MTL memory system remains to be elucidated.
The hippocampus and entorhinal cortex support episodic memory and are vulnerable to both normal aging and AD processes (Fernández et al., 1999; Petersen et al., 2000; Rodrigue and Raz, 2004; Small et al., 2011) . Tau-aggregation is thought to occur in entorhinal cortex before amyloid-␤ deposits in neocortex (Braak and Braak, 1991; Nelson et al., 2012) , whereas models of AD suggest that damage to hippocampus occurs downstream of amyloid-␤ deposition Serrano-Pozo et al., 2011; . Thus, many cognitively older adults might show dysfunction in entorhinal cortex in the absence of hippocampal dysfunction. Furthermore, functional connectivity studies indicate that the default network is more strongly connected to entorhinal cortex than to hippocampus (Kahn et al., 2008; Lacy and Stark, 2012; Libby et al., 2012; Ward et al., 2014) . Therefore, entorhinal cortex might be especially vulnerable to amyloid-␤-related dysfunction of the default network.
Here, we test the hypothesis that amyloid-␤ deposition is associated with specific functional changes within entorhinal cortex among clinically normal older adults. First, we identify MTL regions that show task-induced activations and deactivations in young and older adults during an episodic memory task, and investigate the effect of aging on the ability to modulate MTL activity. Second, we examine the influence of amyloid-␤ deposition on hippocampus and entorhinal activity among older adults. Finally, we examine age-and amyloid-␤-related changes in entorhinal connectivity to the default network, to test the postulate that entorhinal dysfunction and disconnection is associated with amyloid-␤ deposition in older individuals, even in the absence of clinically detectable memory impairment.
Materials and Methods
Sixty-nine healthy adults (21 young adults: 6 male/15 female; 48 older adults: 24 male/24 female) were recruited from the Harvard Aging Brain Study. All were native English speakers, had normal or corrected-tonormal vision, and were right-handed (Table 1) . None had a history of psychiatric or neurological disorders or reported taking medications that affect the CNS. Written informed consent was obtained from every adult before experimental procedures and the study was approved by, and conducted in accordance with, the Partners Human Research Committee at the Brigham and Women Hospital and Massachusetts General Hospital (Boston, MA). Structural MRI, resting-state fMRI, and taskrelated fMRI data were collected on each subject. These data have not been previously published in any form. Without consideration to the fMRI data, equal numbers of older adults with high and low amounts of amyloid-␤ deposition were selected to ensure a similar age range in both groups.
PET acquisition and analysis. We estimated amyloid-␤ deposition of the older adults using PET with Pittsburg compound-B (PiB; N-methyl-[ 11 C]-2(4-methylaminophenyl)-6-hydroxybenzothiazole). The tracer was prepared and implemented as described previously (Mathis et al., 2002; Johnson et al., 2007) . 11 C-PiB (10 -15 mCi) was injected as a bolus, followed by 60 min of dynamic PET acquisition. PET images were acquired using an HRϩ PET camera (Siemens) operating in threedimensional mode (63 image planes; 15.2 cm axial field of view; 5.6 mm transaxial resolution; 2.4 mm slice interval; 69 frames: 12 ϫ 15 s, 57 ϫ 60 s). PET data were reconstructed and corrected for attenuation with vendor-provided software. Each frame was evaluated for head motion and adequate count statistics. Using Logan's graphical analysis method, we calculated PiB retention expressed as the distribution volume ratio, using a gray matter cerebellum reference region from the AAL atlas . Each subject's amyloid-␤ status was calculated using a global distribution volume ratio from a set of neocortical regions that comprised most of the association cortex, including frontal, lateral parietal, lateral temporal, and retrosplenial cortex. Subjects were classified as either low (A␤Ϫ) or high (A␤ϩ) amyloid-␤ groups, based on a prior mean cortical threshold of 1.15 Vannini et al., 2013) .
We also evaluated local PiB retention within the entorhinal cortex by extracting the average PiB retention from left and right medial temporal regions. Consistent with multiple previous amyloid-imaging studies (Mathis et al., 2002; Johnson et al., 2007) , the entorhinal regions showed relatively lower PiB retention and smaller differences between A␤Ϫ (entorhinal ϭ 1.10) and A␤ϩ (entorhinal ϭ 1.18) compared with the neocortex A␤Ϫ (neocortex ϭ 1.09) and A␤ϩ (neocortex ϭ 1.33; interaction p ϭ 0.0011). We used the cortical aggregate of neocortical regions to identify clinically normal older adults, as this is commonly used to define individuals who may be in the preclinical stages of AD, at a threshold that corresponds to sufficient plaque burden to meet CERAD plaque criteria for neuropathological Alzheimer's disease (Clark et al., 2011) . However, it is likely that neocortical amyloid levels are also reflective of MTL amyloid burden, as entorhinal PiB retention was strongly correlated with the estimate from neocortical regions (r ϭ 0.88).
MRI data acquisition. MRI data were collected on a Siemens TrioTim 3.0 tesla scanner (Siemens Medical Systems) equipped with a 12-channel phased-array head coil. High-resolution T1-weighted anatomical images were acquired using an MPRAGE with the following parameters: 256 sagittal slices, repetition time (TR) ϭ 2300 ms, echo time (TE) ϭ 2.95 ms, inversion time ϭ 900 ms, flip angle (FA) ϭ 9°, FOV ϭ 270 ϫ 253 mm, matrix ϭ 256 ϫ 240, voxel size ϭ 1.05 ϫ 1.05 ϫ 1.2 mm. Task-related BOLD data were acquired using a T2*-weighted gradient-echo planar imaging (EPI) sequence. We acquired 6 time series of 180 volumes, excluding 4 dummies. Each volume consisted of 33 axial slices, 3 mm thickness, with a skip of 0.8 mm; TR ϭ 2000 ms; TE ϭ 30 ms; FA ϭ 90°, FOV ϭ 192 ϫ 192 mm, matrix ϭ 64 ϫ 64, effective voxel size ϭ 3 ϫ 3 ϫ 3.8 mm. After the event-related task, we acquired a resting-state time series of 120 volumes, 47 axial slices in interleaved order, with TR ϭ 3000 ms; TE ϭ 30 ms; FA ϭ 85°, FOV ϭ 216 ϫ 216 mm, matrix ϭ 72 ϫ 72, voxel size ϭ 3 ϫ 3 ϫ 3 mm.
During the event-related fMRI task, participants learned novel and remembered previously seen face/name pairs, in a design identical to that of Huijbers et al. (2013) . While inside the fMRI scanner, adults observed 300 faces with an emotionally neutral expression paired with fictional first names. A total of 50% of face/name pairs were novel, 40% of face/ name pairs were studied before scanning, and 10% of face/name pairs were studied but presented in a different combination (re-paired). Memory for novel faces presented during scanning was tested following the scan session. The paradigm was designed and generated using the Psychophysics Toolbox (Brainard, 1997) and MATLAB (MathWorks). Visual stimuli were projected to a screen positioned at the head of the magnet bore and reflected onto a mirror attached to the head coil. Responses were made via an MRI-compatible key press device held in the subject's right hand. Head motion was restrained with foam-padded clamps. Earplugs and noise-reduction headphones were used to reduce scanner noise. The task consisted of six runs. In each run, 50 stimuli were shown for 3750 ms, each with an intertrial interval between 250 and 10,250 ms (average 3300 ms), during which a fixation cross was presented at the center of the screen. The fixation times and trial order were optimized using optseq2 (Dale et al., 1999) .
MRI data analysis. The functional MRI images were preprocessed and analyzed using SPM8 (University College London, http://www.fil.ion. ucl.ac.uk/spm). Functional MRI data were slice time-corrected, realigned, normalized to the MNI152 EPI template, resampled to 3 ϫ 3 ϫ 3 mm voxels, and smoothed with 8 mm full-width half-maximum Gaussian kernel. For the task-based fMRI analysis, we used the general linear model (GLM) as implemented in SPM8. Face/name pairs were modeled based on performance: retrieval hit, retrieval miss, re-paired hit, re-paired miss, correct rejection, and false alarm. To quantify memory performance, we calculated a dЈ score using Z(retrieval hit/[retrieval hit ϩ retrieval miss]) Ϫ Z(false alarm/[false alarm ϩ correct rejection]; MacMillan and Creelman, 2005) . The correct rejection and false alarms were further modeled based on postscan subsequent memory performance (tested following the scan) as encoding hit, encoding miss, or re-paired. Omissions were coded as separate events, resulting in a total of 11 unique trial types. The onsets for these events were convolved with the canonical hemodynamic response function using response times, collected during the scan-phase, as duration. Additionally, the models included regressors for the motion parameters, bad-volume regressors, and a high-pass filter (1/128 Hz). Scans were coded as bad-volumes when n, Number of subjects. Memory performance (dЈ) was defined by the memory task inside the fMRI scanner.
movement to the previous scans exceeded 0.75 mm or 1.5 degrees in one direction. Individual ␤-maps were calculated by contrasting all task events versus fixation. Thus, task-induced activations and deactivations were identified regardless of the memory condition or task performance. We used SPM8 in combination with in-house developed MATLAB scripts to analyze the group-level data (GLM-Flex, Harvard Aging Brain Study, Martinos Center, MGH, Boston, MA, http://nmr.mgh. harvard.edu/harvardagingbrain/People/AaronSchultz/Aarons_Scripts). These GLM scripts allow modeling of the within-and between-group effects using a single model. Group analyses included a between-groups ANOVA of young versus older adults and a between-groups ANOVA of A␤Ϫ versus A␤ϩ older adults. Statistical group maps were projected to the cortical surface using FreeSurfer 5.1 via a standard MNI to the FreeSurfer average template transformation (http://surfer.nmr.mgh.harvard. edu) or were resliced to 2 ϫ 2 ϫ 2 mm voxels and overlaid on the standard SPM8 individual T1-weighted volume.
The anatomical T1-weighted images (MPRAGE) were analyzed using FreeSurfer v5.1 (http://surfer.nmr.mgh.harvard.edu). We performed minimal manual editing for quality control to ensure that non-brain structures were excluded from the pial surface by a single rater (A.M.W.). Subsequent processing steps used default parameters without manual intervention, including estimation of hippocampal volume and entorhinal cortical thickness.
The resting-state fMRI analysis was processed using SPM8 and inhouse developed MATLAB scripts. The first four volumes were dropped to reach signal equilibrium. The data were bandpass filtered between 0.01 and 0.08 Hz, and nuisance regressors (and their first derivatives) for mean signal from the white matter, lateral ventricles, and global brain signals, and motion parameters were applied . For each subject, we created seed-based correlation maps using an 8-mmdiameter spherical seed, located on the maxima of activation or deactivation identified by the between-subjects ANOVA. We used the peaks of the hippocampal activations and entorhinal deactivations in each age group (see Results) to define the seed locations. The correlation maps were transformed to a Z-score map using Fisher's r-to-Z transform. Next, we used GLM-Flex to calculate connectivity maps in a 2 ϫ 2 ANOVA with factors for the seeds in each hemisphere (left/right) and seeds in each MTL-region (hippocampus/entorhinal) and the main effects of connectivity across age groups [p Ͻ 0.05, false discovery rate (FDR) corrected, minimum cluster size 10 voxels].
To quantify hippocampus/default-network and entorhinal/defaultnetwork connectivity, we extracted the connectivity values from the whole-brain connectivity maps described above. We extracted the values from 8 mm spherical a priori regions of interest (ROIs) within the neocortical nodes of the default-network, including the medial prefrontal cortex ( 
Results
On average, young adults correctly recognized 63 Ϯ 4.3% of the previously seen face/name pairs and correctly rejected 92 Ϯ 1.5% of the novel pairs. Older adults correctly recognized 57 Ϯ 2.6% of the previously seen face/name pairs and correctly rejected 77 Ϯ 2.0% of the novel pairs [see Table 1 for memory performance (dЈ)]. A between-groups t test confirmed that younger adults showed better memory performance compared with older adults ( p Ͻ 0.001). Young adults had larger hippocampal volumes ( p Ͻ 0.001) and thicker entorhinal cortices ( p ϭ 0.015) compared with older adults.
Task-induced activations and deactivations
We first investigated task-induced activations and deactivations common to young and older adults at the whole-brain level. In both age groups, we found task-induced activations (task Ͼ fixation) in the dorsolateral prefrontal cortex, supramarginal gyrus, supplementary and primary motor cortex, visual cortex, and hippocampus (Fig. 1 , p Ͻ 0.05, FDR-corrected), a set of regions oftentimes described as a "task-positive network" . Within the MTL, the young adults showed activations in the left (MNI x,y,z ϭ Ϫ22, Ϫ28, Ϫ7) and right hippocampus (MNI x,y,z ϭ 23, Ϫ28, Ϫ4). Similarly, the older adults showed activation in the left (MNI x,y,z ϭ Ϫ16, Ϫ28, Ϫ7) and right (MNI x,y,z ϭ 23, Ϫ28, Ϫ4) hippocampus. In both age groups, we found task-induced deactivations (fixation Ͼ task) in the medial prefrontal cortex, posteromedial cortex, angular gyrus, and parahippocampus/entorhinal cortex (Fig. 1 , p Ͻ 0.05, FDRcorrected), a set of regions often described as the default network . Within the MTL, the young adults showed deactivations in the left (MNI x,y,z ϭ Ϫ28, Ϫ13, Ϫ25) and right (MNI x,y,z ϭ 29, Ϫ25, Ϫ19) entorhinal cortex. Similarly, the older adults showed deactivations in the left (MNI x,y,z ϭ Ϫ33, Ϫ31, Ϫ16) and right (MNI x,y,z ϭ 32, Ϫ22, Ϫ19) entorhinal cortex.
Age-related changes in medial temporal lobe functional activity Next, we examined the difference in MTL activity between young and older adults. To determine whether aging reduces taskinduced hippocampal activations and entorhinal cortex deactivations, we isolated the patterns of activity within the MTL by masking the whole-brain statistical maps ( p Ͻ 0.05, FDRcorrected) with an anatomical ROI comprising the bilateral hippocampus and parahippocampus (see description of localization of entorhinal cortex below; Maldjian et al., 2003) . Within hippocampus ( Figs. 1 and 2 ), we found activations in both age groups. When comparing the older and young adults, we found an age-related reduction of activation in both the left (MNI x,y,z ϭ Ϫ25, Ϫ31, Ϫ4/T max ϭ 3.95) and right (MNI x,y,z ϭ 20, Ϫ28, Ϫ4/T max ϭ 4.45) hippocampus. Within the parahippocampus region (Fig. 2) , we found an age-related reduction of deactivations localized to the left (MNI x,y,z ϭ Ϫ25, Ϫ25, Ϫ25/T max ϭ 4.40) and right (MNI x,y,z ϭ 26, Ϫ25, Ϫ22/T max ϭ 4.68) entorhinal cortex. Within hippocampus we found no age-related increases in activation (older adults Ͼ young adults), and within entorhinal cortex we did not find age-related increases in deactivations.
Localization of age-related changes in functional activity
To anatomically localize the MTL activity clusters in relation to the anatomical structure, we used the SPM anatomy toolbox (v1.8) (Eickhoff et al., 2007) . Here, we list the primary region of overlap for each cluster (the largest unlisted region had 19.5% overlap with the thalamus). The left hippocampal cluster (MNI x,y,z ϭ Ϫ25, Ϫ31, Ϫ4) had an overlap of 49.8% with the subiculum, whereas the right hippocampal cluster (MNI x,y,z ϭ 20, Ϫ28, Ϫ4) had an overlap of 47.0% with the subiculum. The left parahippocampal cluster (MNI x,y,z ϭ Ϫ25, Ϫ25, Ϫ25) had an overlap of 53.0% with entorhinal cortex, whereas the right parahippocampal cluster (MNI x,y,z ϭ 26, Ϫ25, Ϫ22) had an overlap of 44.4% with entorhinal cortex. Thus, the age-related differences in activations were predominantly located in hippocampus, whereas age-related differences in deactivations were predominantly located in entorhinal cortex.
Amyloid-␤ augments age-related changes in entorhinal cortex
Based on the amyloid-␤ imaging data, we classified older adults into groups with low (A␤Ϫ) and high (A␤ϩ) amounts of amyloid-␤ deposition Sperling et al., 2009 ). These groups did not differ across examined neuropsychological data, memory performance (dЈ) on the fMRI task, and FreeSurfer-based estimates of hippocampal volume and entorhinal thickness (Table 2) .
First, we examined the effect of aging in the absence of amyloid deposition. Using the same MTL clusters that showed reduced activity when comparing young adults versus all older adults, we now compared young adults versus A␤Ϫ older adults. Both left ( p ϭ 0.004) and right ( p Ͻ 0.001) hippocampus showed reduced activity with aging in the absence of amyloid deposition, indicating an effect of age. Similarly, both the left ( p ϭ 0.004) and right ( p ϭ 0.002) entorhinal cortex showed reduced deactivation in the absence of amyloid deposition, indicating that age influences hippocampal and entorhinal activity.
To identify whether deposition of amyloid-␤ is associated with the age-related changes in MTL activity, we again examined the same MTL clusters. The average ␤-weights within these MTL clusters were extracted for older adults and separated into A␤Ϫ and A␤ϩ groups. One-sample t tests confirmed that within all older adults, the left ( p ϭ 0.013) and right ( p Ͻ 0.001) hippocampi were activated and that the left ( p Ͻ 0.001) and right ( p Ͻ 0.001) entorhinal cortices were deactivated. However, between-groups t tests indicated no significant difference between A␤Ϫ and A␤ϩ groups for activation in the left ( p ϭ 0.44) or right hippocampus ( p ϭ 0.71). In contrast, both the left ( p ϭ 0.032) and right entorhinal cortex ( p ϭ 0.026) showed reduced deactivations in A␤ϩ compared with A␤Ϫ older adults (Fig. 2) .
Age-and amyloid-␤-associated alterations across memory processes
We then conducted an analysis to examine whether age-and amyloid-related effects were similar across memory encoding and retrieval processes and performance. Therefore, we separated events based on memory phase (encoding/retrieval) and memory performance (hit/miss). Next, we again used the same MTL clusters that showed reduced levels of activity in older compared with young adults and extracted the average ␤-weights for encoding hit, encoding miss, retrieval hit, and retrieval miss within the MTL clusters (Fig. 3) . For illustrative purposes, we averaged across the cluster in the left and right hemispheres. To further examine the effect of amyloid, we used an ANOVA, including the factors amyloid-␤ status (A␤Ϫ/A␤ϩ), memory phase (encoding/retrieval), memory performance (hit/miss), and hemisphere (left/right). The ANOVA indicated a main effect ( p ϭ 0.0044) of amyloid-␤ status and a main effect of task performance ( p ϭ 0.0051) for entorhinal activity. Critically, the ANOVA indicated no interaction between amyloid-␤ status, memory phase, memory performance, or hemisphere.
Post hoc t tests, using the average of left and right hemisphere, indicated that hippocampal activations were reduced by aging across all memory phase and performance conditions (young vs older: encoding hit, p Ͻ 0.001, encoding miss, p ϭ 0.003, retrieval hit, p Ͻ 0.001, retrieval miss, p Ͻ 0.001). A second series of post hoc t tests examined whether the effect of aging was also present in the absence of amyloid-␤ deposition (young vs A␤Ϫ older adults: encoding hit, p Ͻ 0.001, encoding miss, p ϭ 0.002, retrieval hit, p Ͻ 0.001, retrieval miss, p Ͻ 0.001). Hippocampal activity was not significantly different between A␤Ϫ and A␤ϩ older adults across any conditions. Aging also reduced entorhinal deactivations across memory phase and performance conditions (young vs older adults: encoding hit, p ϭ 0.014, encoding miss, p Ͻ 0.001, retrieval hit, p Ͻ 0.001, retrieval miss, p Ͻ 0.001). Again, a second series of post hoc tests demonstrated that the effect of aging was also present in the absence of amyloid-␤ deposition (young vs A␤Ϫ older adults: encoding hit, p Ͻ 0.34, encoding miss, p ϭ 0.003, retrieval hit, p Ͻ 0.001, retrieval miss, p Ͻ 0.001). We also observed an influence of amyloid-␤ on entorhinal deactivations during encoding hit and retrieval hit conditions (A␤Ϫ vs A␤ϩ: encoding hit, p ϭ 0.006, encoding miss, p ϭ 0.16, retrieval hit, p ϭ 0.052, retrieval miss, p ϭ 0.43). However, as mentioned, the ANOVA indicated no significant interaction between amyloid-␤ status, memory phase, memory performance, or hemisphere. Thus, although individual follow-up comparisons reach significance, these analyses suggest a similar pattern of MTL activity across memory processes, where aging has a general effect on activity in both hippocampal and entorhinal cortex, but amyloid-␤ deposition demonstrated a specific effect on entorhinal deactivations.
Functional activity after controlling for apolipoprotein E4 status, age, gender, d' and gray matter
We conducted several analyses to clarify whether age-related differences in MTL activity can be explained by memory performance (dЈ) or gray matter (hippocampal volume or entorhinal thickness). dЈ accounted for age-related changes in fMRI activity in the left ( p ϭ 0.009) but not the right ( p ϭ 0.20) hippocampus, and the left ( p ϭ 0.019) and right ( p ϭ 0.079) entorhinal cortex. Hippocampal volume did show a significant relation with agerelated changes in hippocampal activity. In contrast, entorhinal thickness showed an effect in the left ( p ϭ 0.015) and right ( p ϭ 0.058) entorhinal cortex. However, when simultaneously con- trolling for these variables and the interactions, we still observed age-related differences in the left ( p Ͻ 0.001) and right ( p Ͻ 0.001) hippocampus, as well as the left ( p Ͻ 0.001) and right ( p Ͻ 0.001) entorhinal cortex. Thus, these analyses suggest that dЈ and regional gray matter only account for a portion of the age-related differences in MTL activity. Next, we conducted an analysis to clarify whether the amyloid-␤-related difference in entorhinal fMRI activity could be explained by apolipoprotein E4 (APOE4) status, age, gender, dЈ, or entorhinal thickness (Table 3) . For simplicity we averaged the activity in left and right hemisphere for both hippocampus and entorhinal cortex. When we simultaneously controlled for APOE4 status, age, gender, dЈ, and entorhinal thickness, we still found amyloid-related difference in deactivations in the entorhinal cortex ( p ϭ 0.032), but not in the hippocampus ( p ϭ 0.26). Thus, amyloid-␤-related functional changes in entorhinal cortex of older adults are evident, even accounting for APOE4 status, age, gender, dЈ, and entorhinal thickness.
Functional connectivity of hippocampus and entorhinal cortex
To determine whether task-induced deactivations in entorhinal cortex occur in regions functionally connected to the default network, we analyzed resting-state fMRI data collected in the same scanning session. First, we calculated whole-brain functional connectivity maps based on seeds located in the peak activation in hippocampus and peak deactivation in entorhinal cortex for each age group. Next, we used repeated-measures ANOVA with a factor for seed-region (hippocampal/entorhinal) and hemisphere (left/right) to visualize hippocampal and entorhinal connectivity across both age groups (Fig. 4, p Ͻ 0.05, FDR-corrected ). These maps demonstrate that entorhinal cortex is connected to neocortical regions of the default network, including the medial prefrontal cortex (MNI x,y,z ϭ 2, 44, Ϫ10), posteromedial cortex (MNI x,y,z ϭ Ϫ1, Ϫ46, 29), and left (MNI x,y,z ϭ Ϫ40, Ϫ73, Ϫ35) and right (MNI x,y,z ϭ 50, Ϫ70, 38) lateral parietal cortex. In contrast, hippocampus showed strong connectivity within the MTL including entorhinal cortex, the ventral stream including the left (MNI x,y,z ϭ Ϫ30, Ϫ67, Ϫ7) and right (MNI x,y,z ϭ 33, Ϫ58, Ϫ10) fusiform gyrus, left (MNI x,y,z ϭ Ϫ9, Ϫ88, 2) and right (MNI x,y,z ϭ 9, Ϫ55,11) calcarine fissure, and left (MNI x,y,z ϭ Ϫ9, Ϫ49, 2) and right (MNI x,y,z ϭ 9, Ϫ61, 2) lingual gyrus.
Young adults showed an average connectivity of value of Ϫ0.020 Ϯ 0.03 between hippocampus/default network ( p ϭ 0.55) and 0.14 Ϯ 0.03 between entorhinal/default network ( p Ͻ 0.001), using a one-sample t test. Older adults showed an average connectivity value of 0.0035 Ϯ 0.01 between hippocampus/default network ( p ϭ 0.79) and 0.084 Ϯ 0.02 with entorhinal cortex/default network ( p Ͻ 0.001), using a one-sample t test. A one-tailed t test showed a trend for reduced entorhinal/default- Figure 3 . MTL activity separated by task condition. Task-induced activity in hippocampus (red/yellow) and task-induced deactivations (blue) in entorhinal cortex separated by task-condition. Bar graphs show averaged activity for encoding hit, encoding miss, retrieval hit, and retrieval miss in young (YNG) and older adults with low (A␤Ϫ) and high (A␤ϩ) amounts of amyloid-␤ deposition. Top shows activations averaged across the left and right hippocampus and demonstrated no significant differences between A␤Ϫ and A␤ϩ older adults. Bottom shows deactivations, averaged across the left and right entorhinal cortex. Note that the pattern was similar across all task-conditions and an ANOVA revealed no significant interactions between amyloid-␤ status and encoding/retrieval or hit/miss. Middle panel is reproduced from Figure 2. network connectivity in older adults, when compared with young ( p ϭ 0.056). A␤Ϫ older adults showed an average connectivity value of Ϫ0.003 Ϯ 0.02 between hippocampus/default network ( p ϭ 0.88) and 0.11 Ϯ 0.02 between entorhinal/default network ( p Ͻ 0.001). A␤ϩ older adults showed an average connectivity value of 0.01 Ϯ 0.02 between hippocampus/default network ( p ϭ 0.52) and 0.060 Ϯ 0.02 with entorhinal cortex/default network ( p ϭ 0.015). A one-tailed t test showed a trend for reduced entorhinal/default-network connectivity in A␤ϩ when compared with A␤Ϫ older adults ( p ϭ 0.063). Next, we conducted a connectivity analysis controlling for APOE4 status, age, dЈ, gender, and gray matter (hippocampal volume or entorhinal thickness; Table 3 ). Originally, we observed a trending connectivity difference ( p ϭ 0.063) between A␤Ϫ and A␤ϩ older adults (Table 3) . When simultaneously controlling for each of these variables, the significance dropped ( p ϭ 0.14), presumably due to decreased power. These analyses confirm that entorhinal cortex-but not hippocampus-is functionally connected to the default network. Furthermore, these analyses suggest that amyloid-␤-related changes in the entorhinal cortex are more clearly detected by task-evoked fMRI than resting-state connectivity.
Discussion
This study provides evidence that neocortical amyloid-␤ deposition in cognitively normal older adults is associated with functional alterations in the MTL. Aging is associated with reduced ability to modulate MTL activity more generally; that is, hippocampus showed age-related loss of activation and entorhinal cortex showed age-related loss of deactivation during an episodic memory task. Furthermore, among older adults, amyloid-␤ deposition was associated with reduced deactivations in entorhinal regions functionally connected with the default network. Both age and amyloid-␤ deposition contribute to disrupted activity and connectivity between entorhinal cortex and neocortical regions of the default network, but our findings suggest that agerelated failure to deactivate entorhinal cortex is in part due to AD-related pathology.
We found that aging reduced hippocampal activations and entorhinal deactivations when comparing young and older adults. These age-related changes are consistent with fMRI studies that reported reduced MTL activity in older adults during encoding and retrieval (Daselaar et al., 2003; Gutchess et al., 2005; Spreng et al., 2010) . The dissociation between hippocampal activations and entorhinal deactivations is consistent with the view that distinct MTL subregions support specific memory functions (Daselaar et al., 2006; Ranganath and Ritchey, 2012) . Age-related changes in both hippocampus and entorhinal cortex were also detectable in the absence of amyloid deposition. In line with previous aging studies, young adults showed better memory performance and more gray matter compared with older adults (Salthouse et al., 2000; Park et al., 2002; Rodrigue and Raz, 2004) . Thus, age-related decline of memory might in part be explained by a reduced ability to modulate MTL activity and age-related loss of gray matter that is detectable in A␤Ϫ older adults.
A handful of fMRI studies have reported an influence of amyloid deposition on encoding-related activity in the default network Mormino et al., 2012; Oh and Jagust, 2013; Vannini et al., 2013b) . Recently, our group reported amyloid-related alterations in posteromedial cortex during encoding and retrieval, but not in hippocampus ( Vannini et al., 2012 Vannini et al., , 2013a . Using a novel paradigm (Huijbers et al., 2013) and an independent group of young and older adults, we observed here an amyloid-related dissociation between hippocampus and entorhinal cortex. Interestingly, entorhinal cortex showed deactivations during both encoding and retrieval, suggesting it performs a similar function in both memory phases, distinct from posteromedial cortex (Huijbers et al., 2012) . Together, these findings suggest that neocortical amyloid deposition is associated with functional alterations within the MTL. Nevertheless, it remains possible that low levels of amyloid deposition in the MTL or oligomeric forms, not detectable on PET imaging, contribute to these functional alterations.
The amyloid-␤-related loss of deactivation in entorhinal cortex was similar across both encoding and retrieval phases of the fMRI memory task. Aberrant activity in the cortical regions of the default network has repeatedly been observed in A␤ϩ cognitively normal older adults and in early AD, using either task-based activity Schwindt et al., 2013; Vannini et al., 2013) or resting-state connectivity (Rombouts et al., 2005; Mormino et al., 2011) . We also found aberrant entorhinal activity and trending changes in default-network connectivity associated with amyloid-␤ deposition. This subtle loss in default-network connectivity supports the supposition that default-network connectivity changes before clinical symptoms of AD manifest Chhatwal et al., 2013; Sheline and Raichle, 2013) . Our results further suggest that in clinically normal older adults, amyloid-␤ impacts entorhinal activity and connectivity, while previous fMRI studies have primarily found amyloid-related changes in the neocortex.
Importantly, we found a main effect amyloid-␤ status, but no interaction with a specific component of the memory task. It remains possible that we have insufficient power to detect an interaction, and thus, that in preclinical AD, encoding-related activity is impacted to a greater degree (Braskie et al., 2009; Vannini et al., 2013) . Alternatively, some neocortical regions, such as posteromedial cortex, are more strongly modulated during a specific memory phase and might signal aberrant activity more clearly during encoding (Huijbers et al., 2012 ). Yet, the consistent pattern across different components of the memory task suggests that amyloid-␤-related dysfunction in the entorhinal cortex re-flects a general dysfunction of the default network, which has been linked to multiple cognitive functions Anticevic et al., 2012) . This latter interpretation fits with non-mnemonic studies that found age-and AD-related change in default-network activity (Lustig et al., 2003; . In the absence of evidence for a specific detriment to memory encoding or retrieval, we interpret these findings as a common detrimental influence of amyloid-␤ on the entorhinal cortex and default network.
A␤Ϫ and A␤ϩ cognitively normal older adults were similar in terms of demographics, except APOE4 status. APOE4 status, age, gender, dЈ, and gray matter did not account for amyloid-related dysfunction of the entorhinal cortex (Table 3) . Amyloid-␤ accounts for approximately a third of the difference between young and older adults. Yet, the majority of age-related functional alteration in entorhinal cortex (and in hippocampus) remains unaccounted for. Other age-related factors, such as vascular disease, inflammation, tau aggregation, and oligomeric forms of amyloid-␤, may explain these age-related changes in MTL activity (D'Esposito et al., 2003; Hedden and Gabrieli, 2004; Fotuhi et al., 2012; . Furthermore, levels of amyloid deposition below the threshold of detection might co-occur with these other age-related factors and together explain age-related functional alterations within the MTL.
Amyloid deposition precedes the manifestation of clinical symptom by a decade or more . Previous reports suggest that the influence of amyloid-␤ deposition on crosssectional memory performance among clinically normal adults is subtle Rodrigue et al., 2012; Lim et al., 2013) . We found that hippocampal activity was not different between A␤Ϫ and A␤ϩ older adults. Thus, it is possible that amyloid-related hippocampal dysfunction is not present until memory impairment is clearly detectable, at the stage of early mild cognitive impairment (MCI; Sperling et al., 2009; . Several recent longitudinal studies have demonstrated that amyloid deposition in cognitively normal older adults is related to gray matter atrophy, and higher rates of cognitive decline (Chételat et al., 2012; Lim et al., 2012; Knopman et al., 2013a; . Longitudinal studies need to examine amyloid-related dysfunction in both hippocampus and entorhinal cortex to clarify why some A␤ϩ older adults progress to MCI while others remain cognitively normal.
Together, amyloid-␤ and tau deposition are the hallmarks of AD pathology (Braak and Braak, 1991; Gó mez-Isla et al., 1996; Tiraboschi et al., 2004) . Our finding that neocortical amyloid-␤ deposition is associated with entorhinal dysfunction may have implications for our understanding of these two pathological processes. CSF markers and postmortem data from the entorhinal cortex indicate that tau aggregates begin in mid-life, years before amyloid-␤ deposits in the neocortex (Forsberg et al., 2008; Nelson et al., 2012) . Based on the consistency between PET amyloid imaging and postmortem counts of plaques and tangles, it is likely that many A␤ϩ older adults also harbor tau in entorhinal cortex (Braak and Braak, 1991; Ikonomovic et al., 2008; Sperling et al., 2011) . Thus, the link between neocortical amyloid-␤ and aberrant entorhinal activity could be mediated by tau aggregation or reflect the convergence of amyloid-␤ and tau-mediated pathways (Mesulam, 1999; Desikan et al., 2012) .
Our connectivity analyses confirm that entorhinal cortex is preferentially connected to the default network (Ward et al., 2014) . The default network is also vulnerable to amyloid-␤ accumulation, perhaps due to high levels of neuronal activity Bero et al., 2011; Jagust and Mormino, 2011) . It remains contested whether the vulnerability of the default network is due to high levels of activity, or strong connectivity, and whether other regions outside of the default network are similarly vulnerable to amyloid-␤ accumulation. Interestingly, tau has recently been shown to propagate via synaptic connections de Calignon et al., 2012) . The vulnerability of the default network in AD could reflect the convergence of amyloid-␤-and tau-mediated dysfunction driven by the combination of active neurons and entorhinal connectivity. Thus, although current models of AD progression propose that amyloid-␤ deposition precedes functional abnormality , aberrant function of the entorhinal cortex and default network might facilitate deposition of amyloid-␤. Therefore, it remains unclear whether amyloid-␤ results in functional alterations or vice versa. The recent advent of PET tau imaging in humans, in combination with PET amyloid imaging, may identify tau propagation from the entorhinal cortex as a key factor and clarify the role of functional alterations in default network in the setting of early amyloid-␤ deposition.
In summary, aging in the absence of amyloid deposition has a detrimental influence on activity in both hippocampus and entorhinal cortex. Cognitively normal older adults with elevated amyloid-␤ deposition in the neocortex display additional functional abnormalities in entorhinal cortex and its connections to the default network. In contrast, hippocampal activity is affected by aging, but does not show a detrimental association with amyloid-␤. The association between neocortical amyloid-␤ and subtle dysfunction within the MTL memory system may provide an important link between amyloid-␤ pathology and the emergence of episodic memory impairment during the later stages of preclinical AD.
